INTRODUCTION
Tobacco leaf systemically infected with tobacco mosaic virus (TMV) contains in addition to the virus nucleoprotein, three low molecular weight proteins not found in uninfected leaf. Once extracted, these components tend to form high molecular weight polymers of varying degrees of stability. None of these proteins contains nucleic acid. None is infectious (I).
The present paper describes investigations of the biochemical relationships among TMV and these non-virus proteins (B3, B6, and A4). Two approaches have been used. First, the immunochemical interactions among these components were studied to determine to what degree TMV and the non-virus proreins have antigenic properties in common and thereby provide evidence on their structural kinship. Secondly, the quantitative relations between the rates of appearance of TMV and the non-virus proteins in newly infected tissue were determined. This information together with isotope analysis of the source of nitrogen incorporated into the proteins, serves to describe some relationships between biosynthesis of TMV and the non-virus proteins.
Methods
The general procedures involved in handling the plants used in this work and the culture techniques employed have been described elsewhere (2, 3) . The following special methods were employed in the immunochemical aspects of the experiments described below.
Preparation of
Sera.--Two sera were prepared by immunizing rabbits against TMV, and protein B8 (the polymerized form of B3). The antigen preparations used were extensively purified and were demonstrably homogeneous in the Tiselius apparatus. Purification involved a minimum of five reprecipitations either in the ultracentrifuge, or at the protein's isoelectric point.
The antigen solutions were made up in pH 7.0 saline-phosphate buffer (0.015 xt with respect to NaC1 and 0.02 ~ with respect to KH~PO4). To enhance antibody 477 rations of TMV, B8, B6, and A4. Corresponding tests with normal rabbit serum were also carried out.
The precipitin curves which were obtained are shown in Figs. 1 and 2. The reactions of the two sera with their homologous antigens are typical of the precipitin curves given by sera obtained from antigens prepared with adjuvants (5) . The equivalence zones are relatively broad, and no sharp decline is seen in the region d antigen excess. Micro-Kjeldahl analysis of the homologous reaction between TMV and anti-TMV serum gave results comparable to those described in Fig. 1 and showed that the anti-TMV serum pool precipitated a maximum of 1.75 rag. of TMV per ml. of serum in the equivalence zone.
Figs. 1 and 2 show heterologous cross-reactions between the anti-TMV and anti-B8 sera and the proteins studied. As expected, the activity of anti-TMV serum toward the heterologous antigens B8 and B6 and A4 is weaker than the homologous precipitation. On the other hand, the heterologous reaction between anti-B8 serum and TMV yields greater precipitates than the homologous 478 TOBACCO MOSAIC VIRUS AND NON-VIRUS PROTEINS reaction of B8 with anti-B8 serum. These curves have been repeated with different preparations of B8 and TMV and the result must be accepted as real, at least for the specific serum preparation employed in this work. We can offer no explanation of this phenomenon at this time. Parallel tests showed that none of the proteins reacts specifically with normal rabbit serum.
These results are preliminary evidence of cross-reactions among TMV and the non-virus proteins, but are in themselves by no means proof of such rela-
>., tionships. Although the antigens used to obtain the sera were electrophoreticaUy homogeneous the possibility that the heterologons precipitations were due to the presence of small amounts of contaminants in the antigen preparations cannot be discounted. For this reason, the validity of the cross-reactions indicated by the above results was examined by studies with agar diffusion systems.
(b) Agar Diffusion Studies.--The chief aim of these investigations was to determine whether or not the heterologous precipitin reactions described above were due to the same antibody responsible for the homologous precipitations.
Oudin (7) has shown that migration of the precipitation zone in agar gels 479 may be used to determine the rate of diffusion of one member of the reacting pair. If the precipitin activity of anti-TMV serum with B8, were due to the presence of a small amount of contaminating anti-B8 antibody (resulting from B8 contamination of the original TMV antigen), widely disparate results would be obtained when the serum was permitted to diffuse into a gel of TMV or of BS. On the other hand, if the cross-reaction were genuine, the two antigens should react with the same antibody, and the rates of movement of the precipitation zone should be nearly identical when the serum diffuses into either a TMV or B8 gel. Experiments designed to test this question are described in Figs. 3 and 4. Fig. 3 shows the results obtained when various dilutions of anti-TMV serum are permitted to diffuse into an agar gel containing a relatively low concentration (92 micrograms/ml.) of TMV and of B8. Within a day after the tubes are set up a band of precipitate is evident in each tube. The leading edge of this zone is sufficiently sharp to be located to within a fraction of a millimeter with movements up to about 3 cm. Since the reactant concentrations are chosen to give complete antigen precipitation throughout the entire zone, the density of the zone is constant from the leading edge back to the meniscus. By following the position of the leading edge with time, the rate of movement of that concentration of antibody which is just sufficient to precipitate all the antigen can be measured. Fig. 3 shows that the position of the leading edge of the precipitation zone is proportional to the square root of the diffusion time. This is evidence that the antibody movement is a result of free diffusion, the antigen level being too low to impede the process appreciably.
The rates of zone movement for homologous and heterologous reactions with anti-TMV and anti-B8 serum have been determined at various serum dilutions and are presented in Fig. 4 . For all four reactions, the rate of zone movement is proportional to the logarithm of the serum concentration. This relationship is expected from the diffusion law:
in which R is the rate of zone movement (millimeters/h~), D is the diffusion constant of the antibody, and A is the concentration of the antibody. The slope, R/log A, is almost identical for the four reactions. This is to be expected from the fact that all rabbit serum antibodies have about the same diffusion constant. The homologous and heterologous reactions with anti-TMV serum yield nearly identical diffusion rates at given values of log A. This result means that the same antibody reacts with both TMV and B8, and that the cross-reaction of anti-TMV serum with B8 is therefore genuine.
The same reasoning applies to the results obtained with anti-B8 serum. In this case the apparent concentration of antibody reacting with TMV is somewhat higher than the concentration of the antibody responsible for the ho- Fzo. 3. Relation of time of ditTusion to distance moved by precipitation zones produced when various concentrations of anti-TMV serum are layered over agar gel containing TMV (lower figure) and B8 (upper figure) .
mologous reaction. This effect is probably connected with the previously noted anomaly in the behavior of anti-B8 serum, and is opposite in sign to the result which would indicate a heterogeneous serum. We conclude that the homologous and heterologous reactions of anti-B8 serum are due to the same antibody, and that the cross-reactions exhibited by this serum are genuine.
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FIG. 4.
Relationship between rate of precipitation zone movement and serum concentration for heterologous and homologous reactions in agar gels. Filled circles, anti-TMV serum diffusing into TMV gel. Open circles, anti-TMV serum diffusing into B8 gel. Filled triangles, anti-B8 serum diffusing into B8 gel. Open triangles, anti-B8 serum diffusing into TMV gel.
(c) Immunockemical Properties of Normal Leaf Protein.--It was of interest
to determine whether the immunochemical relationships which link TMV and the non-virus proteins extend to the normal proteins of tobacco leaf. It has been claimed that the major soluble nucleoprotein of normal tobacco leaf cross-reacts with anti-TMV serum, and that TMV is derived from this normal protein (8) .
Fig . 5 shows the precipitin curves obtained when various concentrations of purified (by ultmcentrlfugation) normal soluble tobacco leaf nucleoprotein were reacted with anti-TMV and anti-B8 sera. Both antisera give precipitates which are smaller than the control run with antigen alone. Apparently serum protein somewhat protects the antigen from denaturation during the test. There is no evidence in these results of any immunochemical relationship between anti-TMV and anti-B8 sera and the normal leaf nudeoprotein. Qualitative tests with other fractions of normal tobacco leaf protein have also failed to show that anynormal protein cross-reacts with serum prepared against TMV (9) .
g. Rdations between tke Biosyntkesis of TMV and tke Non-Virus Proteins
The foregoing results suggested the importance of determining the temporal relationships between the synthesis of TMV and the non-virus proteins. An immunochemical experiment was designed to describe the amounts of proteins B3, B6, and A4 present in infected tissue at various times after inoculation with TMV. Eleven large (about 24 inches long) uninfected tobacco leaves were split down the midrib. Each left leaf-half was inoculated with 300 micrograms/ml. of electrophoretically homogeneous TMV; each right leaf-half was similarly rubbed with pure phosphate buffer and served as a source of uninfected control tissue. Equivalent samples (about 8 gm. each) of infected and uninfected leaf blade tissue were prepared as described previously and cultured in nutrient solution under constant illumination at 24 ° C. (11) .
Infected and uninfected tissue samples were removed from culture at frequent intervals over a 400 hour period, homogenized, and fractionated according to the scheme given in 
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the infected tissue samples also fail to react. Thereafter, however, definite precipitin reactions occur, which show characteristic curves relating the amount of protein precipitated to the relative amounts of antigen present.
Since various plant proteins tend to form non-specific precipitates with animal sera and to precipitate because of denaturation during the incubation period, it must be established that the curves of Figs. 6, 7, and 8 actually represent specific precipitin processes. Evidence on this matter is the following. (b) The fractions studied yield only negligible precipitates when reacted with normal rabbit serum.
(c) The curves yielded by the infected fractions are consistent with precipitin curves. The later samples, which contain most antigen, give curves which show the maximum characteristic of the zone of equivalence. The absolute amount of precipitate obtained maximally is reasonably close to the maximum given by the precipitin curves obtained with the purified non-virus proteins (see Fig.  1 ). The earlier samples, which contain a lower antigen concentration, yield precipitin curves which rise more slowly with added antigen, and fail to attain the maximum characteristic of the equivalence zone. These characteristics conform with the behavior of the non-virns antigens expected from immunochemical analyses of purified antigen preparations. We conclude that the precipitates obtained from the various fractions of infected leaf proteins are due to characteristic precipitin reactions between the non-virus proteins and the antisera employed.
The amounts of the various proteins present in infected leaf tissue at various times after inoculation have been calculated from the precipitin curves. In almost all cases, the curves do not level off until the relative antigen content exceeds 0.5 gin. of leaf tissue. The amounts have therefore been calculated from the initial slopes between the origin and this antigen level. The Folin values corresponding to these slopes are readily converted to amounts of the three specific antigens by use of the calibration curves shown in Figs. 1 and 2 .
The results of these calculations are plotted in Fig. 10 . Also shown are data obtained from a second time course experiment carried out on sufficiently large samples (20 gin.) of nutrient-cultured tissue to permit isolation and direct micro-Kjeldahl determination of proteins B3 and B6. It is apparent from Fig.  10 that the immunochemical and direct determinations of B3 and B6 give comparable results. The B6 values yielded at the later points in the second run are higher than those found in the first experiment. However a parallel difference in the amounts of TMV found in the two experiments also occurs. The agreement between the two sets of data appears to validate the immunochemical procedures in general. The results of the two separate runs are comparable and the experiments are capable of supporting a certain amount of generalization.
The non-virus proteins are not detectable until the tissue contains about onethird its final TMV content. Proteins A4 and B6 appear first. The A4 content rises rapidly at first, and then appears to level off. Protein B6 continues to rise rapidly and attains the highest final concentration (140 to 180 micrograms/gin.). Protein B3 appears in the tissue about 20 to 40 hours after A4 and B6, and rises linearly at a low rate, attaining a final concentration of 15 to 25 micrograms per gm. Thus, the time course of appearance of each of the three non-virus proteins is distinctive; none is parallel to the TMV curves.
Jeener et al. (10) have described two non-virus protein components which they find in plants systemically infected with TMV. Although their data are insufficient for a detailed comparison with our own, it is likely that the components reported by them are identical with B3 and B6. In contradiction to the results reported in Fig. 10 , these authors fail to find the non-virus proreins in newly infected leaf tissue. We have demonstrated the occurrence of these proteins in newly infected leaf in three independent experiments by electrophoretic analysis (11) , by immunochemical analysis (Fig. 10, solid lines) , and by direct determination of the isolated proteins (Fig. 10, broken lines) . We 
Isotope Experiments
The data just described deal with the relative rates of appearance of TMV and the non-virns proteins in infected tissue. These rates are not necessarily identical with rates of protein synthesis. Synthesis may initially yield an unextractable product which is in time converted to the soluble protein. The curves of Fig. 10 might describe the time course of conversion rather than initial synthesis. To obtain data relative to actual synthesis of the non-virus proteins the following isotope experiment was carried out. Comparable infected and uninfected leaf samples were prepared as described above. These were cultured in nutrient which contained N 15 in the form of ammonium ion. The isotope level of the nutrient began at 4 atom per cent N nS, and was increased by this per cent at daily intervals, until the final value of 60 atom per cent 1~ s was reached. Thus, the isotope level of the metabolic ammonium nitrogen became successively higher during the course of the experiment. This arrangement permits certain interpretations of the isotope levels attained by protein isolated from the tissue. Of specific concern here is the fact that two proteins synthesized simultaneously from the same source of nitrogen should be equally labelled with N 16.
TMV and proteins B3 and B6 were isolated at several intervals after inoculation. The purified material was subjected to Kjeldahl digestion and the N ~5 content of the digest determined as described previously (3) . The result are given in Table I . The data have been calculated to show the atom per cent N 16 489 found in the protein newly synthesized in a given period of time. These values represent the isotope levels of the nitrogen sources from which the proteins were formed.
The results show a close identity between the isotope levels of TMV, B3, and B6 newly formed in specific time intervals. It can be concluded that these three proteins are probably synthesized at the same time from a common source of nitrogen.
DISCUSSION
From the foregoing results and the data described in the preceding paper certain conclusions can be drawn concerning the relations between the nonvirus proteins and the process of TMV reduplication.
It has been shown that the non-virus proteins occur consistently in plants systemically infected with TMV, and that they also appear in newly infected leaf tissue when virus synthesis has run about one-third its full course. The nonvirus proteins are therefore as characteristic of TMV-infected tissue as the virus itself. This conclusion requires that any proposed description of TMV reduplication account for the appearance of a multiplicity of new proteins instead of a single nucleoprotein identical with the inoculum.
Since the non-virus proteins occur uniquely in TMV-infected tissue, and in the presence of N15-1abelled nutrient, attain isotope levels comparable to that of TMV, these accessory proteins like the virus, are synthesized de novo. We also find that TMV and the non-virus proteins comprise a group characterized by close immunochemical affinities which do not extend to any normal protein of tobacco leaf. These observations mean that the synthesis of both virus and non-virus proteins, is a consequence of the biochemical specificity which is impressed on the leaf's nucleoprotein-synthesizing processes by the entrance of the virus inoculum. Both appear to be products of the same biosynthetic processes. The isotope data lead to the further conclusion that TMV and nonvirus proteins which appear concurrently in infected tissue during a given period following inoculation are synthesized at about the same time from a common non-prote/n nitrogen source.
On the basis of preliminary observations it was proposed previously (1) that the roles of the non-v/ms proteins could be described in three alternative ways: (a) as degradation products of TMV mutants, (5) as discarded fragments of the biosynthetic apparatus involved in TMV formation, or (c) as nucleic acid-free TMV intermediates. The new observations presented above permit a reevaluation of these proposals.
The suggestion that non-v/ms protein might result from a kind of mutation process is not supported by the consistent occurrence of the same set of nonvirus proteins in relatively uniform amounts in an extended series of infected plants. If the appearance of the non-virus protein was due to a mutation process, a more random occurrence would be expected.
TOBACCO MOSAIC VIRUS AND NON-VIRUS PROTEINS
The possibility that non-virus proteins represent sloughed-off parts of the TMV-synthesizing apparatus of the infected cell is also invalidated by the newer data. If this proposal were correct, synthesis of non-virus protein would be expected to precede synthesis of TMV. The data show, however, that virus and non-virus protein are synthesized simultaneously.
In a somewhat modified form, the final alternative, i.e. that the non-virus proteins may represent protein intermediates of TMV, is consistent with the new data. The common origin and close immunochemical relationships of TMV and the non-virus proteins suggest that the latter constitute nucleic acidfree fractions of larger populations of protein entities, the bulk of which occur as the protein of TMV. Structural analysis of TMV nucleoprotein by Watson (12) indicates that the virus rod contains a narrow core of PNA surrounded by a thick layer of protein.
The outer layer appears to be composed of small globular protein units (molecular weight about 35,000) arranged in a flat helix around the central core. The properties of the non-virus proteins appear to conform with the only criterion which this information thus far establishes for the protein moiety of TMV; i.e., that it contains compact (globular protein) units of about 35,000 molecular weight. The fact that three different types of nonvirus protein occur in infected tissue would indicate, if the above view of TMV structure is correct, that the protein coat of the virus rod is made up of a mixed population of small units, which correspond to A4, B3, and B6. As shown above, each of these proteins appears to be capable of polymerizing to form high molecular weight proteins which approach TMV in size, and which in one case (BS) is a rod nearly identical to the virus in size and shape.
As pointed out previously (1), the sudden appearance of the non-virus proteins at about 220 hours after inoculation coincides with the time at which a nucleic acid store apparently involved in TMV synthesis becomes depleted. These observations suggest, but do not prove, that the non-virus proteins represent protein subunits of the TMV nucleoprotein, which fail to become converted into virus for lack of the requisite nucleic acid. It is also possible that the non-virus proteins are variants of the protein species which actually serve as TMV intermediates. In this case, the deviate structures of the non-virus proteins might account for their failure to unite with nucleic acid to form TMV.
While these proposals imply that the non-virus proteins represent incompleted fragments of TMV, there is no reason to conclude that they act as virus precursors in the temporal sense. The isotope data fail to show that the nonvirus proteins are synthesized before the TMV which appears in the tissue concurrently. It is likely, therefore, that if the non-virus proteins do act as intermediates of TMV, they combine with nucleic acid to form TMV at the instant of synthesis or very soon thereafter. Consequently, there is no evidence that the non-virus proteins, as they occur in leaf extracts, comprise a pool of protein precursors of TMV which exist temporarily in the free form during the interval between their initial synthesis and the time when they become incorporated into the virus particle.
On the contrary, it is probable that the non-virus proteins found in the infected leaf, are themselves no longer accessible to the biochemical processes which lead to formation of TMV. There is evidence that the synthesis of both TMV protein and nucleic acid takes place in association with insoluble components of the infected cell (I, 3). It is likely, therefore, that the linkage between the TMV nucleic acid and protein moieties is also an event which occurs in an insoluble phase. For these reasons, the non-virus proteins, being soluble, would appear to be discarded components rather than active members of the population of protein units which, according to this still unproven proposal, combine with PNA to form virus.
In this view, the non-virus proteins represent units synthesized by the apparatus involved in replicating TMV protein, but which have failed to become incorporated into the protein coat of the virus particle either because of a lack of the necessary PNA or because they possess a deviate structure sui~cient to prevent union with the nucleic acid. Further resolution of this question must await more detailed study of the composition of TMV and the non-virus proteins. SUMMARY I. The non-virus proteins, A4, B3, and B6, characteristically found in tobacco leaf infected with TMV exhibit specific immunochemical cross-reactions with serum prepared against the virus. The close immunochemical relations which occur among these proteins do not extend to any normal tobacco leaf proteins.
2. The rate of appearance of the non-virus proteins in newly infected cultured leaf tissue at various times after inoculation has been determined by immunochemical techniques and by direct isolation of the proteins. Both methods give comparable results. The non-virus proteins appear abruptly at about 220 hours after inoculation, when the TMV content is about one-third its final value. The amount of A4 rises rapidly and then levels off. The B6 content rises rapidly and continuously over the course of the experiment. B3 appears last, and increases in amount considerably more slowly than A4 and B6.
3. The isotope contents of TMV, B3, and B6 which appear in given intervals after inoculation in newly infected leaf cultured in nutrient containing NISH4 have been compared. The isotope levels of concurrent TMV, B3, and B6 are identical within the experimental error. The isotope conditions employed in this experiment lead to the conclusion that this coincidence of N ~6 levels means that the virus and non-virus proteins are probably synthesized at ~bout the same time from the same non-protein source of nitrogen.
4. Possible interpretations of the available data on the non-virus proteins are discussed, it is likely that one or more of these proteins represents small protein 492 TOBACCO MOSAIC VIRUS AND NON-VIRUS PROTEINS units which occur in the TMV nucleoprotein. As they exist in the infected leaf, the non-virus proteins are probably no longer available to the biochemical processes which lead to TMV synthesis. They are probably not precursors of TMV protein in a temporal sense.
